The use of CNS cultures for detection and quantification of neuronotrophic activity in the CNS has been analyzed. In particular the development, i.e., neurotransmitter uptake characteristics, and survival of dopaminergic and GABAergic neurons in fetal mouse (E 13)-dissociated mesencephalic cells cultured in serum-free, hormone-supplemented medium have been assessed as a function of culture time and cell density. At all times, more than 98% of the cells were classified as neurons on the basis of immunocytochemical criteria. Results indicate that the increase of cell density in vitro significantly enhances specific high-affinity dopamine uptake per dopaminergic cell and cell survival. This effect is not limited to the dopaminergic cells and suggests that the development of neurotransmitter-related traits and cell survival are influenced by cell density-derived trophic signals.
Development and Survival of Neurons in Dissociated Fetal
The use of CNS cultures for detection and quantification of neuronotrophic activity in the CNS has been analyzed. In particular the development, i.e., neurotransmitter uptake characteristics, and survival of dopaminergic and GABAergic neurons in fetal mouse (E 13)-dissociated mesencephalic cells cultured in serum-free, hormone-supplemented medium have been assessed as a function of culture time and cell density. At all times, more than 98% of the cells were classified as neurons on the basis of immunocytochemical criteria. Results indicate that the increase of cell density in vitro significantly enhances specific high-affinity dopamine uptake per dopaminergic cell and cell survival. This effect is not limited to the dopaminergic cells and suggests that the development of neurotransmitter-related traits and cell survival are influenced by cell density-derived trophic signals.
The above-mentioned cultures and parameters have also been used to detect neuronotrophic activity in adult mammalian brain extracts or more purified preparations.
In particular, bovine striatal extracts contain activity capable of increasing high-affinity neurotransmitter uptake parameters and cell survival of at least the dopaminergic and GABAergic neurons present in the culture system. The neuronotrophic activity from bovine striatum has been partially purified and is associated with a fraction whose main component is a basic protein of approximately 14 kDa.
An understanding of the genetic and epigenetic influences that regulate CNS neuronal behaviors is one of the main goals of neurobiology (Black et al., 1984; Cotman and Nieto-Sampedro, 1984) . One aspect of this field involves the identification and study of the environmental-cellular and humoral-signals af-fecting survival and maturation of neurons and the specificity of target innervation during critical stages of development (Varon and Adler, 198 1) . Another involves the characterization of similar, or functionally equivalent, influences operative in repair and, possibly, maintenance of neuronal survival and correct intracerebral connections in the adult state Nieto-Sampedro et al., 1983; Needels et al., 1985; Whittemore et al., 1985) . Neuronal cell cultures have frequently been used to identify neuronotrophic or neurite-promoting factors present in embryonic and adult mammalian brain extracts. Although several extracts (Barde et al., 1980; Edgar et al., 1981; Crutcher and Collins, 1982) or purified preparations (Barde et al., 1982; Barbin et al., 1984b ) elicit significant biological responses in vitro, in most reports the extract effects have been evaluated on PNS cultures and by morphological criteria. Some reports have appeared concerning the effects of brain extracts or more purified preparations in CNS cultures (Kligman, 1982; Nieto-Sampedro et al., 1984; Kligman and Marshak, 1985; Turner, 1985a, b; Johnson et al., 1986; Mizrachi et al., 1986; Morrison et al., 1986; Walicke et al., 1986) . Rarely have these effects been associated with survival of specific CNS neuronal types and/or expression of neurotransmitter-related properties. One of the main reasons for this is the heterogeneity of the cell populations in dissociated CNS cell cultures. By proper selection of embryonic age, brain tissue, and culture medium, however, CNS neuronal cultures may be grown in the virtual absence of nonneuronal cells (Barbin et al., 1984a) . In spite of this, CNS, in contrast to PNS, cultures are generally composed of a variety of neuronal types, some of which may serve as potential innervation targets and trophic sources for other neurons in the same culture. Association of morphological with biochemical criteria is, then, required in order to characterize the behavior in vitro of specific neuronal types and to use these cultures as valid bioassay systems for the detection of growth-promoting agents .
We have investigated the development of dissociated fetal mouse mesencephalic cells maintained in serum-free, hormonesupplemented medium by assessing the high-affinity neurotransmitter uptake activity and the survival of the dopaminergic and GABAergic neurons. Serum has been omitted because it stimulates the proliferation of non-neuronal cells that may overwhelm the nondividing neurons and mask specific influences produced in, or added to, the cultures. We report that the cell density in vitro affects the development and survival of dopaminergic as well as GABAergic neurons. Similar effects are evident following the addition of adult bovine striatal extracts. Purification procedures indicate that the bovine striatal-derived neuronotrophic activity is associated with a fraction whose main component is a basic protein of approximately 14 kDa.
Materials and Methods
Materials. Commercial chemicals were of analytical grade or of the highest purity available. Solvents were distilled before use. The water routinely employed was freshly taken from a Milli-Q reagent water system (Millipore, Molsheim, France). BSA, bovine pancreatic insulin, human transferrin, putrescine, L-3,5,3'-triiodothyronine (T,) Embryonic mouse brain dissection, dissociation, and cell culture conditions. Rostra1 mesencephalic tegmentum was dissected under sterile conditions from brains of 13 d mouse embryos. Pooled brain areas were mechanically dissociated in PBS with the following millimolar compositions: NaCl, 136.8; KCl, 2.7; Na,HPO,.7H,O, 8; KH,PO,, 1.5 and containing glucose (6 mg/ml) and BSA (0.1 mg/ml) (pH 7.4). Cells were then centrifuged (45 x g for 4 min), resuspended in culture medium (see below), passed through a 20 pm Nytex sheet, counted with a Coulter cell counter, and plated in 35 mm Falcon tissue culture plastic dishes. Each dish was coated with bovine skin collagen (Vitrogen: 100 erg protein), using BME, NaHCO,, and NaOH so as-to raise ionic'strengchand pH (see Elsdale and Bard, 1972) . At times, 24 mm wells were used. In this case, Vitrogen was used at 50 rg protein per well.
The culture medium consisted of a mixture of BME and Ham's F12 (l:l, vol/vol) with glucose (33 mM), glutamine (2 mM), NaHCO, (15 mM), HEPES (10 mM), supplemented, as reported by Di Porzio et al. (1980) , with insulin (25 &ml), transferrin (100 pg/ml), putrescine (60 k~), progesterone (20 nM), sodium selenite (30 nM), penicillin G (0.5 U/ml), and streptomycin (0.5 pg/ml), and contained T, (30 nM) (Puymirat et al.. 1983) . Tvnicallv, 2 ml of culture medium containing the desired number of dissociated cells was added per 35 mm dish. When using 24 mm wells, 1 ml of culture medium was used and a corresponding number of cells was plated ( lo6 cells/35 mm dishes = lo5 cells/cm*).
were permeabilized by treatment for 30 min with 0.1% (vol/vol) Triton X-100 in PBS and then further incubated for 60 min with PBS-conImmunocytochemistry. Indirect immunofluorescence using monoclonal antibody RT97 against brain neurofilament protein (Anderton et al., 1982) was conducted as reported by Doherty et al. (1984) . Briefly, cultures were fixed for 7 min in methanol at -20°C. The fixed cultures Electrophysiological recordings. Electrophysiological recordings were made in the whole-cell configuration (Hamill et al., 198 1) using a patchclamp amplifier (EPC5; LIST Electronics). After the establishment of the giga seal, the membrane under the pipette was broken by applying additional suction. The mode control of the amplifier was set in the current-clamp position, and, after measurement of the resting potential, an additional external command was added so as to allow stable hyperpolarization of the cell at -70 mV and application of depolarizing pulses (PG-505 pulse generator; Tektronix). The patch pipette was fireuolished and filled with 140 mM KCl. 1 mM M&l,. 5 mM NaCl. 5 mM EGTA, and buffered with HEPES-KGH, 10 r&, at pH 7.2.
Fluorescence histochemistry after uptake of exogenous catecholamines. Cell cultures were processed as for radioactive uptake assay (see below) in complete PBS, and incubated with norepinephrine (2 x lo-' M) for 30 min at 37°C. Cultures were then washed 4 times with ice-cold PBS, and catecholaminergic neurons visualized according to the glyoxylic acid-induced fluorescence (GIF) method described by Bolstad et al. (1979) . Cells were observed with a Zeiss III photomicroscope equipped for catecholamine epifluorescence and phase-contrast optics. Using prefixed coordinates, the number of GIF-positive neurons corresponding to at least 3% of the total surface area were counted.
'H-Dopamine uptake. 'H-DA uptake was performed as described by Berger et al. (1982) . Cells were washed once with prewarmed PBS, supplemented with glucose (5 mM), CaCl, (1 mM), MgSO, (1 mM), ascorbic acid (0.1 mM), pargyline (0.1 mM), and preincubated for 5 min with 0.8 ml of the above solution. When necessary, BZT (5 PM), DMI (5 PM), or FLX (1 PM) was added to the incubation medium. Routinely, 0.2 ml )H-DA (50 nM final concentration, sp act 22-33 Ci/mmol) was then added and incubation continued for 15 min at 37°C. Uptake was stopped by removing the incubation mixture, followed by 4 rapid washes with ice-cold PBS. 'H-DA was then extracted from each dish twice (15 min each) with 0.5 ml of 0.4 M HClO, plus absolute ethanol (3: 1, vol/ vol). Recovery exceeded 95%. Radioactivity was determined after addition of 10 ml of Instagel II using a Packard TriCarb (model 460 C) scintillation counter. In separate samples at the end of the incubation and washings, intracellular radioactivity was extracted with 0.5 ml of 0.4 N perchioric acid and analyzed by high-pressure liquid chromatogranhv (HPLC) (Kotake et al.. 1982 : Shum et al.. 1982 . Over 95% of the injected radioactivity eluted with a retentiontime identical to that of DA.
GABA uptake. GABA uptake was assayed as described by Prochiantz et al. (198 l) , by addition of 0.1 I.~M 14C-GABA (225 mCi/mmol) for 15 min at 37°C. Amino-oxyacetic acid (10 PM) was used to prevent GABA catabolism. The GABA uptake inhibitor DABA (1 mM) was added when necessary. Washing and extraction procedures were as described for )H-DA uptake studies. GABA identification was performed by thin-layer chromatography (TLC) (Lasher, 1974) . More than 90% of radioactivity was associated with a spot comigrating with authentic GABA.
DNA assay. DNA content per plate was assayed according to Erwin et al. (1981) .
Preparation and assessment of neuronotrophic activity of bovine striatal extract. Fresh bovine brains were obtained from the slaughterhouse and the caudate nuclei dissected on ice. For each batch preparation, approximately 150 gm of caudate tissue (25-30 brains) was homogenized (Polytron, setting 6,60 set) in 2 = 3 volumes of 1: 10 diluted PBS (pH 7.4) containing PMSF (0.3 mg/ml) and 1 mM EDTA, acidified with HCl to pH 4.5, maintained on ice for 2 hr and subsequently centrifuged (40,000 x g for 40 min) (Barde et al., 1982) . The supematant was collected, neutralized to pH 7.4, dialyzed overnight (8 kDa cutoff) in I : 10 diluted PBS (pH 7.4), lyophilized, and stored in aliquots at -20°C. sured according to Peterson (1977) . Samples were then appropriately diluted in culture medium. filtered across 0.45 urn Millex filters nresaturated with BSA (1 mg/ml), and the appropriate amounts of-the filtered supematant fraction were added to the mesencephalic cell cultures at plating time. Control cultures were supplemented with equivalent amounts of albumin. Culture medium of both control and treated cultures was changed every 2 d.
Immediately before use, aliquots were resuspended in one-tenth of the initial volume, using distilled water and the protein content meataining 10% fetal calf serum (FCS) to block nonspecific protein-binding sites. Incubation with anti-NF (1:500 dilution) in PBS was carried out for 60 min at room temperature, and was followed by 3 rinses with PBS containing 10% FCS. Rhodamine-conjugated goat anti-mouse high-affinity purified IgG (1:lOO dilution) (KPL) was then added to cultures for 60 min at room temperature and, after 3 rinses in PBS, coverslipped with glycerol/PBS (1: l), and examined in a Zeiss photomicroscope III equipped with rhodamine epifluorescence and phase-contrast optics. Indirect immunofluorescence using mouse GFAP antiserum was conducted according to the procedure of Raff et al. (1979) . TH immunocytochemistry was performed as reported by Berger et al. (1982) .
Purification and characterization of neuronotrophic activity in bovine striatal extract. The supematant proteins were separated by gel filtration on Sephadex G-150 (Pharmacia Fine Chemicals, Sweden) (bed volume: 8 x 120 cm) equilibrated with 1 mM PBS, pH 7.3, at 4°C. Approximately 750 mg of protein was applied to the column and eluted at a flow rate of 90 ml/hr. The optical density of the eluate was continuously moni- tored at 280 nm. Fifteen milliliter fractions were collected, lyophilized, and assayed for neuronotrophic activity, as reported above for the crude supematant extract.
The active fractions obtained from the G-150 step were dissolved in water (final concentration, approximately 2.5 mg protein/ml) and further purified by ion-exchange chromatography on HPLC using a TSK-CM-3SW column (7.5 x 150 mm; LKB, Sweden) equilibrated with 0.1 M ammonium acetate, pH 6.5. The column was eluted at a flow rate of 0.5 ml/min, with an ammonium acetate gradient of 0.1-1.0 M, as follows: buffer A, 0.1 M ammonium acetate, pH 6.5; buffer B, 1.0 M ammonium acetate. uH 6.5: gradient nrofile. O-20 min. 100% A -0% B (isocratic); 20-46-min, 0% A -100% B (linear); 40-70 min, 0% A -100% B (isocratic); 70-75 min, 100% A -0% B (linear). Different HPLC runs were performed, injecting approximately 2.5 mg protein each time. Five minute fractions were collected, and the fractions corresponding to the same elution time were pooled and lyophilized. At the time of use, the lyophilized material was dissolved in 120 pl of 10 mM phosphate buffer, pH 5.7, the protein content was determined, and the fractions added to the mesencephalic cultures for measurement of biological activity, as reported above. SDS-PAGE of the biologically active material was conducted according to Lee et al. (1981) , using 12.5% (Wuvol) polyacrylamide slab gels and discontinuous SDS-containing buffer (Iaemmli, 1970) .
Results
Immunocytochemical and electrophysiological characterization of cell types in mesencephalic cultures Figure 1A illustrates the typical appearance under phase-contrast optics of dissociated fetal mouse mesencephalic cells cultured for 4 d in serum-free, hormone-supplemented medium. At cell densities from 0.5 to 2 x lo6 cells/plate at seeding time, more than 98% of the cells (Fig. 1B) reacted positively to immunocytochemical staining with monoclonal antibody RT97, which specifically recognizes the medium-and high-molecularweight components of neurofilament protein (Anderton et al., 1982) . This was also evident at day 8 in vitro, when 2 x lo6 cells were initially plated per dish. At all times, most of the stained cells had very long, branched processes embedded within the collagen gel matrix, which were hardly visible under phasecontrast. Less than 1% of the cultured cells, at both 4 and 8 d, was immunoreactive to GFAP antiserum. These were mostly flat cells, although some GFAP-positive cells possessing long processes were also observed.
To assess whether the cells in culture also displayed characteristic neuronal electrical activity, whole-cell electrophysiological recordings using patch-clamp techniques in current-clamp mode were conducted in long-term dense cultures. The resting membrane potential of the randomly tested cells ranged from -35 to -55 mV. Each cell was able to generate action potentials when subjected to depolarizing pulses of various amplitudes. Long-duration pulses were able to trigger repetitive firing ( Fig.  2A) . Spontaneous postsynaptic potentials were often recorded. In a few cases, action potentials, probably generated from large EPSPs, were also recorded (Fig. 2B ).
Visualization of dopaminergic neurons
The number of dopaminergic neurons was evaluated, following catecholamine uptake, with the GIF technique. Using this technique, approximately 0.15% of the total cultured mesencephalic cells (1 or 2 x lo6 plated cells/dish) could be visualized after 4 d in culture. These cells had fusiform or multipolar somata, many of which also displayed long, branched neurites with regularly spaced varicosities (Fig. 1, C, 0) . Many growth cones with very strong fluorescence were also observed. The GIF-positive neurons were completely absent after addition of BZT, but still present after DMI or FLX, specific inhibitors of catecholamine uptake in dopaminergic, noradrenergic, and serotonergic neurons, respectively (Horn et al., 197 1; Wong et al., 1975; Berger et al., 1982) . These results suggest that most, if not all, of the GIF+ neurons possess dopaminergic characteristics.
Endogenous DA, although present in very low amounts (42 + 5 fmol/Ng DNA), could be detected at day 4 in vitro (2 x lo6 cells initially plated per dish) with the HPLC electrochemical techniques. The DA content decreased to 21.7 f 5.3 fmol/Fg DNA after addition of a-methyl-L-p-tyrosine (1 O-4 M) 2 hr prior to DA extraction. The low content of endogenous DA in these cells may explain why no GIF+ cells were observed in the absence of catecholamine uptake or following catecholamine uptake in the presence of BZT. Furthermore, when using TH antiserum and immunocytochemical techniques, very few, if any, cells (1 or 2 x 1 O6 plated cells) were immunoreactive at both 4 and 8 d in vitro. Apparently, in these cultures, high-affinity DA uptake reaches detectable levels earlier than does TH expression. Although this may be due to differences in the sensitivity of the technique employed, this behavior is reminiscent of the devel- opmental sequence of biochemical markers of catecholaminergic neurons in vivo (Coyle and Molliver, 1977; Levitt and Moore, 1979; Gilad and Reis, 1980) . DA uptake per surviving dopaminergic neuron increased progressively with time.
Specific (BZT-sensitive) jH-DA uptake: correlation with number and viability of dopaminergic neurons in culture The BZT-sensitive portion of 3H-DA uptake is a specific marker for dopaminergic cells and a reliable index of neurotransmitterlinked behaviors in mesencephalic cell cultures (Prochiantz et al., 1979; Di Porzio et al., 1980; Hemmendiger et al., 1981) . BZT-sensitive DA uptake was linear up to at least 30 min. Typically, BZT inhibited more than 70-80% of the total uptake (BZT-insensitive uptake was due mainly to 3H-DA attachment to collagen matrix), while no significant inhibition was caused by DMI or FLX. As illustrated in Figure 3 , the BZT-sensitive DA uptake of mesencephalic cells, initially seeded at a density of 1 x lo6 cells/plate, reached maximum values at day 4 and then declined. The DABA-sensitive W-GABA uptake showed a similar trend, indicating analogous behaviors of the different neuronal cell types present in the culture.
Also shown in Figure 3 is the time course of DNA content, grossly representing the number of total cells remaining in the dish. Evaluation of seeding efficiency at various times after plating by following the DNA content per culture dish indicated that approximately 65% of the cells were firmly attached to the substratum 3 hr following plating. The DNA content per plate remained statistically unvaried up to day 4 in vitro, suggesting that there were no gross modifications of relatively long-term cell attachment and number of surviving cells. Note, however, the loss of DNA per plate at day 8. Even though the total number of surviving cells may not be properly measured by DNA (dead nuclei may be present), no statistical differential loss in the number of total (60 -t 9% loss) and GIF+ (75 f 10% loss) cells was apparent.
Cell density effects on dopaminergic neurons: comparison with efects on GABAergic neurons The extent of DA uptake and number of GIF+ neurons changed Since cell plating density has been reported to be an important with time in culture in gross correlation to each other. This is and critical variable in cell survival in dissociated neuronal not surprising, since the GIF assay itself reflects the cell's cacultures (Barbin et al., 1984a) , we tested the effects of increasing pacity to take up exogenous catecholamines. Figure 3 (open numbers of cultured mesencephalic cells on the extent of BZThistograms) reports the number of GIF+ neurons visualized at sensitive DA uptake and on the number of dopaminergic neudays 3, 4, and 8. Although some GIF+ neurons possessing very rons. Mesencephalic cells were seeded at different densities and weak fluorescence and relatively short and noncomplex neurites the cultures evaluated at 4 d. At this time, the DNA content were evident at day 2, their number and fluorescence intensity per dish was proportional to the number of plated cells, with increased at day 3. Since dopaminergic neurons in mouse midan average of 5.5 pg DNA/lo6 cells plated (or 8.5 pg DNA/IO6 brain have been reported to undergo final mitotic division on cells still present at 4 d). Thus, the cell density affected neither El 3 (Taber-Pierce, 1973), the increase in number of GIF+ neuthe plating efficiency nor the early survival behavior of the mesrons is probably correlated with an increased capacity of encephalic cells. In contrast, the BZT-sensitive DA uptake per subthreshold GIF+ cells to take up and store catecholamines.
plate increased exponentially with the cell plating density (Fig.  Between days 4 and 8, GIF+ neurons decreased by 75% (when 4A). In fact, the increase of DA uptake was linear (Fig. 4B ) up 1 x lo6 cells were initially plated), indicating that their longto an apparent cell density threshold value (typically 0.5 x lo6 term survival in these serum-free culture conditions is limited. plated cells). Above this cell density, the DA uptake increased Figure 3 (hatched histograms) shows that even while the number proportionally with the square of the cell density. The apparent of dopaminergic neurons and total DA uptake were declining, cell density threshold at which the exponential increase took Table 1 shows further data on cell cultures seeded at a density of 1 or 2 x lo6 cells. At day 4, the percentage of GIF+ cells did not vary significantly, indicating that the cell density effect was almost entirely due to an increase in specific DA uptake per dopaminergic neuron. At day 8, however, the higher plating density resulted in a significantly smaller decline in the number of dopaminergic neurons (to 63%, rather than 27% of the 4 d levels), besides having induced a higher DA uptake per dopaminergic neuron.
To determine whether the cell density also affected other neuronal types present in the same cultures, we examined the DABAsensitive 14C-GABA uptake at both days 4 and 8. As shown in Figure 54 , GABA uptake, as expressed per lo6 plated cells, increased at day 4 only at very high cell densities (typically at or above 1.5 x lo6 plated cells). Between days 4 and 8, the GABA uptake per plate decreased by approximately 85% and 40% in cultures initially seeded at a density of 1 and 2 x 106, cells, respectively (Fig. 5B) . Note that in the same cultures DA uptake decreased by approximately 5 5% and 1 O%, respectively (Table 1) . From the above data it is apparent that seeding at high density supports survival and uptake performance of mesencephalic dopaminergic and GABAergic neurons. However, the effects on the expression of uptake performance of the dopaminergic neurons occur at cell densities that do not affect the GABAergic neurons, indicating a differential sensitivity of the neurons present in the culture system. Adult mammalian striatal extract: effects and pw$cation Development of neurotransmitter uptake properties of embryonic mesencephalic dopaminergic neurons in aggregate or monolayer cultures has been reported to be affected by the presence of the neurons' target striatal cells (Prochiantz et al., 1979; Hemmendinger et al., 1981; Denis-Donini et al., 1983) . In addition, several brain extracts or more purified preparations have been reported to enhance the survival of cultured embryonic CNS neurons (Mtiller et al., 1984; Turner, 1985a, b; Johnson et al., 1986; Morrison et al., 1986; Walicke et al., 1986 ). We have therefore tested whether the development (i.e., neurotransmitter uptake characteristics) and survival of the embryonic mesencephalic neurons were sensitive to the addition of adult mammalian striatal extracts.
Preliminary experiments conducted using adult rat striatum showed that a supematant fraction (100,000 x g for 60 min) contained activity capable of increasing, in a concentrationdependent manner, both specific 3H-DA and 14C-GABA uptake at day 4 ( lo6 cells seeded/35 mm dish). This activity was resistant to acid treatment (pH 4.5, 2 hr) and was nondialyzable (cutoff, 8 kDa). Since bovine caudate showed similar results (see below) and could be obtained in larger quantities, this source was subsequently used routinely for identification and purification of the biologically active material.
Addition at plating time to the cultures of the acid-precipitated and dialyzed crude supematant extract obtained from bovine caudate caused, when assayed at day 4, a concentrationdependent increase of BZT-sensitive DA uptake (Fig. 6) . Maximal increases were observed following addition of 40 pg protein/ml culture medium. At higher concentrations of medium, most of the preparations tested showed the presence of inhibitory or toxic agents. The extract also increased the DABA-A all .5
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sensitive GABA uptake in a similar concentration-dependent manner, indicating that the effects on the various neuronal populations in culture were not cell-specific (Fig. 6 ). Similar effects were observed at day 8 in vitro. At this latter time, the effects on the uptake parameters were correlated with a significant reduction in the loss of the overall number of adhering cells (Fig.  7) . In fact, total DNA content of treated cells (40 fig protein/ ml) was routinely 2-3 times higher than that of control cells treated with equivalent amounts of albumin. When the crude supernatant extract was applied to a Sephadex G-150 column, the activity capable of increasing each of the uptake parameters was found to occur only in the fraction eluted in the range of approximately lo-30 kDa (Fig. 8, top) . Halfmaximal activity of the most active fraction (for both uptake parameters) occurred at a concentration of 0.3 pg protein/ml culture medium (assessed at day 4 using 1 O6 plated cells/35 mm culture dish). Furthermore, at day 8 this eluate also caused a reduction in the loss of GIF+ cells (921 f 13.0 in the presence of 0.5 pg protein/ml vs 265 f 160 in the presence of 0.5 fig albumin/ml), as well as that of the total DNA content per plate (4.4 * 0.5 vs 2.1 ?I 0.2).
The neuronotrophic activity was further purified on a TSK-CM-3SW column, and the fractions eluted with a gradient of ammonium acetate (0. l-l M) buffer, pH 6.5. Activity was found to occur only in the last protein peak, eluting with 1 M ammonium acetate (Figs. 8, bottom; 10 ). This elution profile is similar to that of highly basic protein(s). Furthermore, analysis of this fraction by NaDodSO,-PAGE showed the presence of one major band, with a molecular weight of approximately 14,000, clearly distinguishable from that of male mouse salivary gland P-nerve growth factor (P-NGF) (Fig. 9) . It is noteworthy that control experiments using NGF in concentrations ranging from 1 to 300 rig/ml indicated that NGF was totally ineffective in modifying either the uptake parameters or cell survival with time in vitro.
The protein yield and recovery in terms of trophic activity are reported in Table 2 . Since the effect of the bovine extracts or more purified preparations on the uptake parameters permitted precise quantitative analyses, and was at all times related to effects on cell survival, one trophic unit was calculated on GABA uptake at days 4 and 8.
the basis of the amount of protein &g/ml) necessary to give halfmaximal stimulation of the uptake parameters. The activity of the purified material obtained from the TSK-CM-3SW column was routinely tested using mesencephalic cells plated at a density of 18,000 cells/cm2 in 24 mm wells (corresponding to ~0.20 x lo6 cells/35 mm dishes). In this condition, only the DABA-sensitive I%-GABA uptake was assessed, owing to low values of BZT-sensitive DA uptake (approximately 30 DA cells/cm*). As shown in Figure 10 , addition of the purified material to the culture medium increased in a concentrationdependent manner the DABA-sensitive uptake when assessed at day 4 (half-maximal activity = 10 ng protein/ml) and also resulted in a significantly decreased loss of DABA-sensitive %-GABA uptake with time in culture. These effects are indicative of increased development and survival of at least the GABAergic neurons present in the culture system. In these culture conditions, the initial supernatant fraction (15 pg protein/ml), as well as the active Sephadex fraction (0.3 rg protein/ml), resulted in analogous effects. Furthermore, when the HPLC-purified material was tested at higher cell densities ( lo6 cells/35 mm dish) at day 4, a similar concentration-dependent increase of both BZT-sensitive DA and DABA-sensitive GABA uptake was observed. At day 8, the number of GIF+ cells was routinely 3 times higher in the treated (20 ng protein/ml) than in the control cells.
I Discussion CNS serum-free cultures: neuronal selection and identification procedures
The present investigation was prompted by the recent evidence suggesting a role for neuronal growth-promoting factors during CNS repair following injury in the adult state (Bjiirklund and Stenevi, 1981; Manthorpe et al., 1983; Nieto-Sampedro et al., 1983; Gage et al., 1984; Whittemore et al., 1985; Gasser et al., 1986) . Detection and characterization of such factors require establishment of reliable and quantitative bioassay systems based on the use of primary dissociated CNS monolayer cell cultures. Figure 8 . Top, Sephadex G-150 chromatography of the acid-precipitated and dialyzed supematant fraction obtained from bovine caudate. Elution profile monitored at 280 nm. Column fractions (each 15 ml) were tested for their ability to increase BZT-sensitive DA and/or DABAsensitive GABA uptake. Horizontal bar, active fractions on each of the uptake parameters. Arrows, elution profiles of standard proteins. Bottom, HPLC chromatography using TSK-CM-3SW column of the active fractions obtained from the Sephadex G-150 column. Elution profile monitored at 210 nm. The column was eluted sequentially with an ammonium acetate gradient using 0.1 M ammonium acetate (pH 6.5) (buffer A) and 1 M ammonium acetate pH 6.5 (buffer B) as follows: 100% A -0% B (isocratic); 0% A -100% B (linear); and 0% A -100% B (isocratic). See Materials and Methods for details concerning fraction collection. All fractions were assessed for their ability to increase specific neurotransmitter uptake in the mesencephalic cells. Activity was found in eluates depicted by the horizontal bar.
However, in view oftheir cellular heterogeneity, such monolayer CNS cultures allow for only a gross evaluation of morphological and functional neuronal properties unless non-neuronal influences are limited, specific neuronal populations identified, and cell-distinctive behaviors assessed. We report here effects of some culture variables and additives on neurotransmitter uptake properties, and survival of the dopaminergic and GABAergic neurons present in dissociated fetal mesencephalic cell cultures in a serum-free medium.
In accord with previous reports (Prochiantz et al., 1982) , more than 98% of the adhering dissociated mesencephalic cells from 13-d-old mouse embryos could be classified as neuronal-type elements. Similar results have been reported for striatal, hippocampal, and septal cultures of 18-d-old fetal rat (Barbin et al., 1984a) . However, in telencephalic and diencephahc serumfree cell cultures from 19-20-d-old rat embryos, 40% of the cells were classified as non-neuronal (Ahmed et al., 1983) . NaDodSO,-PAGE of @-NGF and active eluate obtained from TSK-CM-3SW column. The lyophilized eluate (2.5 pg protein) (lane I) or P-NGF (2.5 pg protein) (lane 2) was resuspended in a buffer containing 2% (wt/vol) NaDodSO,/S% (vol/vol) 2-mercaptoethanol, heated in a boiling water bath for 2 min and electrophoresed on a 12.5% (wt/vol) polyacrylamide gel (0.75 mm thick) with a 3% stacking gel. Proteins were visualized with silver stain. Molecular-weight standards (right; Bio-Rad) were myosin (200 kDa), P-galactosidase (116.2 kDa) phosphorylase b (92.5 kDa), albumin (66.2 kDa), ovalbumin (45 kDa), carbonic anhydrase (3 1 kDa), soybean trypsin inhibitor (2 1.5 kDa), and lysozyme (14.4 kDa). P-NGF was purified from male mouse salivary glands, as reported by Bruni et al. (1982) , and its activity (2 ng protein/ trophic unit) was evaluated using fetal chicken-dissociated dorsal root ganglionic cells (Skaper and Varon, 1982) .
The identification of neuronal subsets in dissociated CNS cultures depends on (1) the developmental stage of the brain tissue, (2) the expression in vitro ofthe specific phenotypic markers, and (3) the sensitivity of the procedure employed. In mesencephalic cultures, the dopaminergic neurons could be visualized very effectively by exploiting the high-affinity catecholamine uptake system (specifically blocked by BZT). The specific (BZT-sensitive) DA uptake measures the combined contributions of several elements: (1) the number of dopaminergic cells, (2) the extension of their membranes by neuritic outgrowth, (3) the number of uptake "sites" per unit surface, and (4) the efficiency of the uptake machinery (e.g., energy metabolism and Na+ gradients). Culture manipulations may lead to a modified DA uptake per plate by affecting any or all of the above elements. Nature of the cell density efect The present study confirms that, among culture manipulations, the cell density affects extensively the development and survival of neurons in serum-free cultures. In 4-d-old mesencephalic cultures, there occurs a marked increase in DA uptake when the number of cells seeded per plate is increased. The DA uptake increase is not paralleled by an increase in GIF+ cells and, therefore, dopaminergic neurons. In addition, it reflects changes in the apparent V,,, but not in the apparent K,,, of the uptake process (Leon et al., 1988) . Our view is that the DA uptake increase reflects an increased number of sites, perhaps due to an increased membrane surface area, rather than to an unmasking of additional sites. Although the mesencephalic neurons of 13-d-old fetuses probably have already acquired in viva the capability of expressing their characteristic dopaminergic traits (Golden, 1973; Berger et al., 1982) , the actual expression of these traits in vitro depends on the culture conditions. Thus, this result leads to the concept that the characteristic neuronal neurotransmitter-related traits reflect dynamic processes regulated by cell density-dependent signals. Furthermore, in 8 d cultures, plating at higher cell densities also leads to a substantially reduced decline in GIF+ cells-possibly a truly improved survival of the dopaminergic neurons. Whether the signals responsible for the cell density effects on neurotransmitter-related phenomena and neuronal cell survival are identical is open. The cell density-dependent signals may affect the dopaminergic neurons in vitro by conditioning the culture medium or the substratum with low-and high-molecular-weight agents synthesized by the cells themselves. Furthermore, at high cell densities, cell-cell contacts may also be operative. In this context, the following has been reported: (1) The conditioned medium, derived from CNS cultures with few glial elements, contains both diffusible and substratum-adhering agents capable of supporting survival and neurite outgrowth of CNS neurons seeded under limiting conditions, i.e., cultures seeded at low density or after electrical blockade (Brennemann et al., 1984; Riopelle and Cameron, 1984) . (2) Synthesis or release into the medium of agents promoting neuronal cell survival depends on the spontaneous bioelectrical activity of the cells (Brennemann et al., 1984) . (3) Depolarizing conditions affect the expression of neurotransmitter phenotypic traits of CNS neurons (Black et al., 1984) . And (4) cell-cell aggregation may affect the transmitter phenotypic expression of dissociated sympathetic neurons in serum-free cultures (Adler and Black, 1985) . Any of the above mechanisms may explain the cell density effects observed in the present study. Since the mesencephalic cell culture is almost exclusively neuronal, it is unlikely that the regulatory agents or factors are of glial origin unless endowed with potent biological activity.
Selectivity of cell density effect A significant aspect of this study is the differential potency of the cell density in affecting the development of the dopaminergic and GABAergic neurons in serum-free cultures. In 4-d-old mesencephalic cultures, a detectable increase in GABA uptake occurs, in contrast to DA uptake, only at relatively high cell densities. Such selectivity may be trivial and due only to a differential sensitivity of the 2 cell types to the trophic influences, whether single or multiple, produced in culture. However, a more subtle biological significance of this selectivity cannot be excluded at the moment. Anatomically, the dopaminergic neurons are long, projecting neurons that innervate distant targets, whereas some of the GABAergic neurons in the culture system are locally projecting neurons whose target is present in the mesencephalic cultures themselves (Nagy et al., 1978) . In addition, the developmental pattern of these 2 neuronal types is temporally distinct, i.e., long, projecting neurons develop prior to local interneurons.
Brain neuronotrophic factors From these results it appears that CNS-dissociated neurons in serum-free cultures require and respond to endogenously produced growth-promoting signals. This should be taken into account during use of these cultures as bioassay systems for detecting neuronotrophic agents in adult normal and injured mammalian brain. The possible interference of self-supportive influences may be minimized by the use of low-density CNS cultures. However, under these conditions, specific cell survival and expression of characteristic neurotransmitter-related traits may be severely impaired or undetectable. In the present study, adult rat and bovine striatal extracts have been found to contain nondialyzable and acid-stable (pH 4.5) molecule(s) capable of increasing the specific high-affinity neurotransmitter uptake activity of at least the dopaminergic and GABAergic cells present in the mesencephalic cultures. The extract also increased cell survival in vitro. This suggests that its effects on the uptake parameters may be, at least in part, a reflection of increased cell viability. Similar results have recently been obtained by Tomozawa and Appel (1986) , using a nondialyzed, non-acid-precipitated high-speed supematant extract obtained from striatal tissue of 2-week-old rats. In fact, the latter extract has been reported to contain trypsin-labile molecule(s) capable of enhancing the specific high-affinity dopamine and GABA uptake into the neurons, as well as survival and neuritic outgrowth of the dopaminergic neurons.
Recently, several putative trophic factors directed towards CNS neurons have been isolated and partially characterized (Honegger and Lenoir, 1982; Gnahn et al., 1983; Mtiller et al., 1984; Hefti et al., 1985; Martinez et al., 1985; Turner 1985a, b; Gurney et al., 1986; Johnson et al., 1986; Mizrachi et al., 1986; Morrison et al., 1986; Walicke et al., 1986) . In the present study we have conducted preliminary experiments aimed at isolating the trophic molecule(s) present in the bovine striatal extract. We have found that the activity is solely associated with a fraction whose main component is a basic protein possessing a molecular weight of approximately 14 kDa. At concentrations of l-20 ng protein/ml, this purified material enhanced both the uptake parameters and cell survival. In addition, despite the chemical similarity, this material was clearly distinguishable from male mouse salivary gland @-NGF. The possibility that it may resemble or contain brain-derived neurotrophic factor (BDNF) (Barde et al., 1982) or basic fibroblast growth factor (bFGF)- (Morrison et al., 1986; Walicke et al., 1986) like activity is currently being examined.
It is noteworthy that the striatal extracts, as well as the more purified preparation, affect not only the dopaminergic but also other neurons, e.g., GABAergic, present in the culture system. This cellular aspecificity may simply be a reflection of the presence of more than one neuronotrophic agent in the preparations used or alternatively may be due to cell heterogeneity and the multiplicity of neuronal developmental stages in the culture. Nonetheless, except for the case of NGF, the acceptor cell specificity of trophic molecules directed to CNS neurons has not yet been fully established (Korsching, 1986; Levi-Montalcini and Calissano, 1986) . Different brain extracts or even purified preparations have been reported to be effective in various neuronal cell cultures, including PNS cultures (Barde et al., 1982; Lindsay et al., 1985; Davies et al., 1986; Johnson et al., 1986; Morrison et al., 1986; Unsicker et al., 1986; Walicke et al., 1986) . Should this aspecificity be a consistent phenomenon in vitro, one might speculate that cellular specificity in vivo is regulated on one side by differences in cellular sensitivity and, on the other, by differences in space-time production of the trophic agent. This may be of particular relevance when considering lesion-induced increases of CNS neuronotrophic activity.
Many reports are now available that indicate an increase in neuronotrophic activity following brain injury in the adult (Bjorklund and Stenevi, 1981; Manthorpe et al., 1983; NietoSampedro et al., 1983; Gage et al., 1984; Collins and Crutcher, 1985; Needels et al., 1985; Whittemore et al., 1985; Gasser et al., 1986) . Similarly, we also observed an increase in the titers of the neuronotrophic activity reported above in striatal tissue of rats following transection of the nigrostriatal pathway (R. Dal Toso, A. Consolazione, and A. Leon, unpublished observations). These results suggest that the increase ofneuronotrophic activity at the injury site may be a common event following brain injury. However, whether this is associated with increases in one or more trophic agents, perhaps quantitatively and temporarily distinct, still remains to be verified (Crutcher and Collins, 1982) . In addition, although the recent experiments conducted with NGF (Stein and Will, 1983; Hefti et al., 1984; Schonfeld et al., 1985; Hefti, 1986; Williams et al., 1986) suggest that elevation in neuronotrophic factor(s) may be a necessary prerequisite for the maintenance of cell survival following CNS injury (and hence for the development of any eventual tissue repair process), further studies are necessary in order to establish the physiological relevance of the endogenously occurring neuronotrophic agent(s) in normal and injured adult brain.
